Introduction
Difficulties associated with resolving the human-chimpanzee-gorilla trichotomy demonstrate the need to assess the robustness of phylogenetic hypotheses. For distance data, such as those derived from DNA-DNA hybridization and immunological techniques, taking account of measurement error constitutes a special problem when assessing the reliability of best-fit trees. Several different methods, most centered around Sibley and Ahlquist's hominoid DNA hybridization data Ahlquist 1984, 1987; Sibley et al. 1990) , have been proposed for assessing the extent to which experimental error compromises the reliability of phylogenies based on distance data: the Student's t-test (Sibley and Ahlquist 1984) ) jackknifing (Lanyon 1985~ )) a delta Qtest [Templeton 1985 (but see Fitch 1986 Ruvolo and Smith 1986; Saitou 1986; Templeton 1986; Felsenstein 1988 ) ] , the nonparametric Mann-Whitney U test (Fitch 1986 ) , a maximum-likelihood mixed-model analysis of variance ( Felsenstein 1987 ) , and bootstrapping (Krajewski and Dickerman 1990) . At present only two of these methods have been used by other than their initiators: jackknifing (e.g., see Lanyon 19856; Sheldon 1987; Bledsoe 1988; Krajewski 1989; Springer and Kirsch 1989; Marshall and Swift, submitted) and the Mann-Whitney U test (e.g., see Caccone and Powell 1989) , though Marshall and Swift (submitted) have used a bootstrap technique similar to Krajewski and Dickerman's ( 1990) . Below I demonstrate that the MannWhitney U test (and related tests) may give quite misleading estimates of the robustness of phylogenies derived from distance data. While the data discussed are from DNA hybridization studies, the arguments and conclusions presented are generalizable to all methods that produce distance data. It is concluded that bootstrapping provides the easiest and most powerful approach for assessing the reliabilities of phylogenies derived from distance data, and I present a variation of Krajewski and Dickerman's ( 1990) method for bootstrapping distance data.
The Mann-Whitney U Test Fitch ( 1986) used the Mann-Whitney U test to show that the replicate measurements about successively deeper nodes on Sibley and Ahlquist's ( 1984) DNA hybridization phylogeny of hominoids were nonoverlapping. This result was used to support the claim that Sibley and Ahlquist's data are of sufficient quality to warrant the splitting of the human-chimpanzee-gorilla trichotomy. Fitch ( 1986) noted that one need not assume a molecular clock to perform the test but only that the data must be clocklike enough that the distance from an out-group to the point of bifurcation of two in-group branches is greater than the length of any in-group branch. But establishing the mono-phyly of any group requires more than just a demonstration of statistically nonoverlapping nodes.
Figure la shows Sibley and Ahlquist's ( 1984) ATSoH data set and the corresponding phylogeny. The data were analyzed with Felsenstein's PHYLIP 3.2 package, using FITCH (no assumption of a molecular clock) with the least-squares method of Fitch and Margoliash ( 1967) . The structure of the tree appears well reflected by the raw data; the distance between Homo and Pan is small, the distances between Homo/ Gorilla and Pan/Gorilla are intermediate in size, and all distances to the out-group, Pongo, are large. When the Mann-Whitney U test (P 4 0.001) (Fitch 1986 ) is used, the Homo/Pan distances are significantly less than Homo/Gorilla and Pan/Gorilla distances.
However, neither the structural correspondence between the data and phylogeny in figure la nor the significant nonoverlap in the measured Homo/ Pan distances compared with the Homo/ Gorilla and Pan/ Gorilla distances secures the monophyly of Homo and Pan. Figure lb shows the same data set with just one difference: the distance between Homo and the out-group Pongo has been reduced by a small amount (0.2"C). All out-group/in-group distances are still larger than the in-group/in-group distances, and the altered Homo/Pongo distance does not alter the fact that the Homo/ Pan distance is significantly smaller than all other distances. Yet, the topology is very different: Homo and Pan no longer form a monophyletic group! a b PIG. 1 .-Different topolo&es derived from very similar datasets. a, Sibley and Ahiquist's ( 1984) hominoid ATsaH values (distances measured in degrees C), and resulting phylogeny. b, Slight reduction of Pongo/ Homo distance (indicated in boldface ) , which disrupts monophyly of Homo and Pun. Thus demonstrating a significant nonoverlap of the Homo/ Pan distances with the Gorilla/ Pan and Gorilla/ Homo distances (as has been done with a Mann-Whitney U test) is insufficient evidence that Homo and Pun constitute a monophyletic group. The original data, sample sizes, and standard deviations can be found in the work of Sibley and Ahlquist ( 1984, table 2). Ho = Homo sapiens; Pan = Pan troglodytes + P. paniscus combined; Gor = Gorilla gorilla: and Pgo = Pongo pygmaeus.
The reason the new out-group/Homo distance results in a different topology is readily seen when the phylogenies ( fig. 1) are redrawn as unrooted networks (fig. 2) . In the first data set the out-group joins the tree on the branch leading to Gorilla (fig. 2a), rendering a monophyletic Homo/Pan. In the second data set, the reduced Homo/ Pongo distance draws the out-group to the Homo branch ( fig. 2b) , yielding a monophyletic Pan/Gorilla clade.
Given sufficient uncertainty in the distances measured between the out-group and in-groups, it is possible that a monophyletic group, thought to be statistically robust on the basis of a Mann-Whitney U test (or a Student's t-test), may turn out not to be monophyletic after more refined measurements of the in-group/out-group distances are made. The standard error for the mean Homo/ Pongo distance reported in the work of Sibley and Ahlquist ( 1984) is 0.1 "C; with a measurement error of this magnitude a monophyletic Pan and Gorilla is not out of the question. In fact, when a bootstrapping technique-designed to determine, in light of the experimental errors associated with all interspecies distances, how robust the most favored tree is-was applied to the Sibley and Ahlquist ( 1984) ATSoH data, a monophyletic Homo/Pan was supported in 87% of the 500 pseudoreplicate data sets, while the remaining 13% gave a monophyletic Pan/Gorilla The measurement errors associated with the interspecies distances, especially the in-group / out-group distances, are sufficiently large that the position of the out-group is not especially secure. The Mann-Whitney U test gives a very misleading sense of the robustness of the monophyly of Homo/ Pun, since it only tests for the presence of nonoverlapping nodes on the best-fit topology and is unable to allow for the fact that the monophyly of Homo and Pan is also dependent on the relative sizes of the out-group/in-group distances.
DNA Hybridization Phylogenies of Hominoids
Given that the Mann-Whitney U test fails to give reliable estimates of the robustnesses of phylogenies derived from distance data, how reliable are the hominoid phylogenies derived from analyses of DNA-DNA hybridization data? Krajewski and Caccone and Powell's ( 1989) data is due to experimental sources, then their data unambiguously (P = 0.002) support a monophyletic human/chimpanzee clade. The slightly larger experimental errors associated with Sibley and Ahlquist's data are sufficient to compromise any clear resolution of the humanchimpanzee-gorilla trichotomy.
A Best Approach to Assessing Reliabilities of Phylogenies
Of the methods that currently exist for assessing the reliability of phylogenies derived from distance data, the only easily applied methods that appear valid are bootstrapping and jackknifing. Where both bootstrapping and jackknifing have been applied to the same data set (Krajewski and Dickerman 1990; Marshall and Swift, submitted) , jackknifing appears a less sensitive technique for assessing the reliability of the best topology, in the sense that not all nodes drawn into question in the bootstrap analyses were also identified as questionable under jackknifing. A second disadvantage ofjackknifing is that it does not give any sense of the relative support each node enjoys. The Mann-Whitney U test (or Student t-test) is not necessarily a good indicator of the robustness of any particular tree and should not be used as a measure of confidence in phylogenetic hypotheses, unless a method can be developed for determining, on a priori grounds, when the test is likely to be reliable.
As a final comment on the Mann-Whitney U test, it is interesting to note that, while the phylogeny presented in figure 1 a satisfies Fitch's condition for applying the test as discussed above, the tree in figure lb does not. In fact, it will almost always be the case that Fitch's condition cannot satisfy more than one of a set of alternate trees (at least with four taxa). The reason is easy to see if one views the trees as unrooted networks ( fig. 2) . For the Sibley and Ahlquist ( 1984) data (figs. 1 a and 2a) the condition requires that both ~~~~~~~ (0.96'C) and Dpanlz (0.86"C) be less than DGori/[a/z ( 1.4O"C), as is the case (2 represents the trifurcation point of Homo/Pan/Gorilla on the unrooted networks). To apply the Mann-Whitney U test to the modified data (figs. lb and 2b) the distances must be such that both Dpan,z (0.86"C) and DGOri,/a/z ( 1.34"C) are less than DHomolz (0.98"C). Here the condition fails, as might be expected since the distances from the branch point 2 in figure 2 are largely unchanged from the first ( fig. 2a ) to second tree ( fig. 2b ) (given that only the Homo/Pongo distance was altered in the data matrix). It is virtually impossible to satisfy the condition for both trees simultaneously, since to do so requires both that DGori,la/z > DHomolz (figs. 1 a and 2a) and that DGori//a/z < DH~,,,~,~ (figs. 1 b and 2b). Note also that, even though the tree in figure lb violates Fitch's condition, the tree does not appear to deviate seriously from clocklike behavior.
A Modified Bootstrap Technique
In Krajewski and Dickerman's (1990) bootstrapping procedure the replicate measurements in each cell of a data matrix are resampled with replacement such that the original sample size is retained. A pseudoreplicate data set is constructed by placing in the appropriate cell the average of the values obtained from each resampling. This process is repeated until a large number of pseudoreplicate data sets are produced. Each pseudoreplicate data set is then analyzed with the appropriate distance algorithm, and the resulting trees are recorded.
The method for generating the pseudoreplicate data sets for the bootstrap analyses of Sibley and Ahlquist's ( 1984) and Caccone and Powell's ( 1989) data presented here differed from Krajewski and Dicker-man's ( 1990) approach in one respect. Rather than resampling each set of replicate measurements directly, the normal distribution defined by the mean and standard deviation of the replicate measurements was resampled. Pseudoreplicate data sets were created with a PASCAL program. Normally distributed deviates were generated by using the procedure given by Press et al. ( 1989, pp. 224-226 ) .
Using normal distributions to generate pseudoreplicate data sets offers two advantages over Krajewski and Dickerman's ( 1990) resampling procedure. First, with Krajewski and Dickerman's ( 1990) technique it is impossible to obtain pseudoreplicate data set values that lie outside the range of the initial set of measurements. For large data sets this is not particularly important. However, for small data sets (number of replicates ~4-5) the resampling technique provides a somewhat too conservative estimate of the range of possible values within which the distance being estimated may lie. For example, if the distance between two species was measured three times and the values 6,9, and 15 were obtained, then the resampling approach could only yield values in the range 6-l 5. Yet, the mean and 80% confidence interval for the three numbers is 10 +-5.0, and thus there is about a one in five chance that the real value lies outside the range 6-l 5.
The second advantage of using a normal distribution rather than a direct resampling procedure is that direct resampling leads to a discrete distribution of values for the pseudoreplicates. For example, with the distances 6, 9, and 15 a pseudoreplicate can have only one of the following values: 6, 7, 8, 9, 10, 11, 12, 13, and 15 (the fact that all these values are integers is an artifact of the three values chosen to illustrate this point; the distances are all divisible by three, so that the average of three random drawings must always produce an integer). The procedure using the normal distribution generates pseudoreplicate values that more realistically may take on any value within the limits imposed by the normal distribution.
In conclusion, all distances in a data matrix contribute to the final topology in any phylogenetic analysis, and thus errors affecting any of the estimates of interspecies distances may have an effect on the topology of the best-fit tree. Statistical methods that concentrate on just a portion of the tree may frequently give misleading measures of the robustness of the reliability of that part of the tree. Given a measure of the experimental error in distance data sets, the range of topologies consistent with the data matrix appears best assessed by bootstrapping procedures.
